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Background
During the polymerization of any synthetic thermosetting polymer the material undergoes chemical and physical transformations which lead to the hardening of the material, with a corresponding transition from a viscous liquid to an elastic solid. Under normal service conditions the material is usually far below its glass transition temperature and follows linear elastic behaviour. However, during the manufacturing process, the polymer matrix exhibits viscoelastic behaviour which affects the development of residual stresses. If the resin is used as the matrix in a continuous fibre for the analysis of both mechanical and non-mechanical loads developed during the manufacturing process, due to interactions between the tooling and the often complex material arrangement. The dependence of the viscoelastic properties of thermosetting systems on the degree of cure has been the subject of only very few investigations, both in terms of experimental results and modelling approach. Suzuki et al. [1] presented relaxation data for epoxies cured following various cure cycles.
The cure state of these samples was not determined and the relationship between mechanical properties and cure evolution could not be explored. In a work by Kim et al. [2] , a fixed value is assumed for the elastic modulus of the uncured and the fully cured systems, while a linear relationship is assumed between the elastic modulus and the degree of conversion, in the entire region between gelled resin and its glassy state. White et al. [3] used a viscoelastic formulation to study warpage and residual stresses in asymmetric composite laminates during cure, assuming a time-and cure-dependent model to simulate transverse modulus. Investigations of the behaviour of neat resin at various post-gelation degrees of conversion under relaxation mode for various temperatures [4] have led to the development of a model of the relaxation modulus at lower degree of cure based on the Adams-Gibbs [5] formulation for the volume relaxation in glasses. Yi et al. [6] included viscoelastic effects in the analysis of residual stress development in laminated plates using a chemo-thermo-viscoelastic constitutive equation and considering a discontinuous model for the mechanical properties with a step at the gel point. OBrien et al. [7] have reported a series of experiments on the unreacted, partially reacted and post-gelled resin. Simon et al. [8] have presented a study on the cure-dependent storage modulus of a commercial toughened epoxy resin, giving a general methodology to model the time-temperature-conversion effects in viscoelastic of thermosets.
The present study focuses on modelling the evolution of resin viscoelastic modulus during the cure.
Experimental results reported in a complementary study [9] are analysed in the context of KWW models which is modified to account for the dependence of mechanical properties on conversion.
The considered model uses the concept of principal relaxation time for each degree of conversion with principal relaxation times normalized with respect to the value for the fully cured state in order to find a suitable correlation with structural changes. Assuming that the same mechanism of structural evolution governs both the development of the glass transition temperature and of the mechanical modulus, an identical "potential function" can be adopted. This assumption leads to an excellent agreement of the experimental data with the model predictions. These results are supported by dielectric relaxation measurements presented in the literature [10] .
Materials and Methods
The synthetic resin system used in the present work was a pre-commercial formulation based on a tetrafunctional epoxy, cured with an amine hardener and containing an aromatic thermoplastic component. Whilst the exact composition of the resin is unimportant, the blend can be considered to minutes before a test segment starting at each temperature, to provide a uniform temperature distribution inside the material. Three specimens were tested for each degree of conversion. Stress relaxation data were captured during each segment. More details of standard experimental procedures and data treatment for DSC and DMA analysis can be found in reference [9] .
Modeling Results

Cure-dependent ultimate relaxation modulus
The variations of ultimate modulus were found to be significant and an appropriate model is developed to express the dependence on the degree of cure. Within the gelation region, where the three-dimensional network starts to form, the modulus rises from a very low value of 1.38 MPa to a value of 60.9 MPa at temperature above the corresponding glass transition temperature. . The cure dependence of the equilibrium relaxation modulus is modelled using an empirical function proposed by OBrien et al. [7] , which expresses the value of relaxed modulus as a function of the degree of cure assuming a very low modulus value before gelation: For polymeric materials, shift factors are generally functions of temperature; in the case of a reactive system the dependence on fractional conversion needs to be taken into account in implementing the model. Figure 2 shows the horizontal shift factors used to generate the master curves of stress relaxation modulus assuming as reference temperature the value of 302 K as indicated by the initial value of each shift factor curves in fig. 2 and 3 . As in the works of O'Brien et al. [7] and Simon et al. [8] , shift factor curves cannot be modelled using a WLF type equation. The Williams-Landel-Ferry model can be applied only to the first part of each curve; for the remaining part, a linear shift factor model shows better agreement with the experimental points. Fitting of the experimental master curves was carried out using the Levenberg-Marquardt non-linear least squares fitting algorithm implemented in Origin v6.0; the values of the KWW parameters for each degree of cure are reported in 
Eq. 5
The dependence of parameters β and p τ on the degree of cure has not been investigated widely.
However, Mijovic et al. [10] A direct consequence of the increased network complexity and presence of entanglements is a reduction in relaxation rate. For a generic polymer system, stress relaxation time decreases as the temperature increases, with a sharp reduction in the modulus value over its glass transition temperature. In the case of an epoxy resin under stress, relaxation times increase with increasing degree of cure. Assuming that the molecular mobility influences the glass transition through the same mechanism that controls the stress relaxation function, the behaviour of the glass transition temperature at a fixed degree of cure can be normalized with respect to its value for a given reference conversion. This approach leads to the definition of a potential function, which is identical to that obtained by normalizing the characteristic relaxation times with respect to the relaxation time at the same conversion. Thus: thereby supporting the assumption that the assumption of a common effective mechanism that governs the change in glass transition temperature with the progress of the reaction and the change in stress relaxation times during cure. It is important to note that measurements of the glass transition temperature made using different experimental techniques will yield different results, due to the inherent time scales, relaxation mechanisms and specimen sizes associated with specific methods [19] [20] . In order to apply correctly the assumptions underlying eq. 9, comparisons need to be based on congruent measurements. For this reason, values of the glass transition temperature were taken as the temperature of the peak in tanδ obtained by solid torsional rheometry. The stress relaxation modulus has been evaluated for all the levels of conversion using the system of eqs. 3 and 5-7 (or 8, depending on the experimental data, glass transition temperature or principal relaxation times, used to compute the potential function). The computational procedure required for the implementation of this model as a sub-model of process simulations is illustrated in Figure 8 . The sub-model accepts a time, temperature, degree of cure point form the process simulation and returns a value for the cure and temperature dependent viscoelastic modulus of the thermosetting matrix.
Conclusions
The cure dependent viscoelastic modulus of an epoxy system can be described by a modification of the general Kohlrausch-Williams-Watts equation. The KWW model has been implemented by introducing a potential function to account for the structural evolution of the system from a liquid polymer like to a solid vitrified material. The mechanism of relaxation is assumed directly related to the density of cross-links because of the inherent constraints imposed on molecular mobility as the network is formed. The potential function has been produced by normalizing the principal times with respect to the time of reference conversion, to account for the effect on the principal relaxation times of the polymer structural evolution. The model shows a very good agreement with experimental data for the conversion experimentally examined.
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